Herein, we describe a novel integrated biosensor for performing dielectric spectroscopy to analyze biological samples. We analyzed biomolecule samples with different concentrations and demonstrated that the solution's impedance is highly correlated with the concentration, indicating that it may be possible to use this sensor as a concentration sensor. In contrast with standard spectrophotometers, this sensor offers a low-cost and purely electrical solution for the quantitative analysis of biomolecule solutions. In addition to determining concentrations, we found that the sample solution impedance is highly correlated with the length of the DNA fragments, indicating that the sizes of PCR products could be validated with an integrated chip-based, sample-friendly system within a few minutes. The system could be the basis of a rapid, low-cost platform for DNA characterization with broad applications in cancer and genetic disease research. M ost conventional DNA detection methods rely on fluorescent labels or dyes 1 for data readout or imaging 2 . Pre-detection sample treatments are required to attach visible markers to analytes to confirm the existence of the target 3 . Indeed, many of today's mainstream commercial products still use the brightness of a sample's fluorescence emission to quantify DNA fragments 4 . This relative quantification methodology is commonly limited to indicating whether the value is greater or less than a certain level. In general, fluorescent label-based techniques not only demand highly precise and expensive instrumentation but also introduce unpredictable interference into the detection system, which can lead to inaccurate results 5 .
Thus, the samples can be reused, which is important when analyzing precious or scarce samples. We report a system that utilizes integrated chip-based impedance measurements for the characterization of suspended DNA, including PCR products.
Results
Measurement system. We used a pre-designed 16 3 12 micro-array chip that was fabricated using 0.35-mm CMOS technology ( Fig. 1a and Supplementary Fig. 1 online) . The pixels are located in the center of the chip and are surrounded by readout and amplifier circuits. During the measurement, the sensing area was immersed in the biological sample solution. The surrounding circuitry was protected from short circuiting by a layer of wax (see Supplementary Fig. 2  online) . For the impedance measurements, an AC voltage stimulus was provided to one of the electrodes, and the resulting current signal was detected and collected by the other electrode. In this design, all the pixels inside the sensing area share a common electrode to provide the AC signal to the analyte (electrode in Fig. 1b, 1c) . Within one pixel cell, the sensing electrode (electrode in Fig. 1b,  1c ) was surrounded by the common electrode. Two electrodes were arranged on a flat surface and separated by 1-mm-high and 25-mm-wide insulation barriers (Fig. 1b) . In contrast with the parallel electrode architecture described in the literature 21, 22 , which measures the direct (as opposed to fringing) capacitance, the planar electrodes used in this work, take advantage of the fringing field capacitance in the solution (see Supplementary Note online). The sensing electrode was connected to the surrounding circuits. A current-mode transimpedance amplifier, which was located at the end of each column, converted the current signal into a voltage using an off-chip 100 kV resistor (Fig. 1c) . Finally, the on-chip readout circuit output the converted signals. In this work, we used a function generator (Agilent 33250A) to provide the input signal and an oscilloscope (Agilent Infiniium 54830 DSO) to record both the input (from the function generator) and output (from the sensor chip) signals (see Supplementary Fig. 3 online) . Matlab, a technical computing program, was used to analyze the recorded data and calculate the impedance of each sample (see Supplementary Method online).
This CMOS-based impedance measurement system was fully calibrated using a commercial impedance analyzer (Solartron SI 1260) with NaCl solutions of known concentrations. NaCl solutions are pure resistive solutions and were used to simulate the equivalent circuit for impedance measurements (see Supplementary Note online).
Concentration tests. We used this biochip-based system to measure the impedance of DNA solutions with different concentrations. Concentrated single-stranded DNA fragments from herring sperm with a uniform length of approximately 700 base pairs were purchased from SIGMA-ALDRICH (D7290). This sample comprised DNA molecules without any additional buffer. The molecules were dissolved in deionized (DI) water and diluted to six different concentrations: 12 ng/ml, 30 ng/ml, 60 ng/ml, 120 ng/ml, 240 ng/ml and 600 ng/ml. All the samples were validated using a commercial spectrophotometer (Nanodrop TM 2000). Figure 2a depicts the impedance value of each sample in Cole-Cole plot when the stimulus frequency ranged from 10 kHz to 100 kHz. This frequency range could reflect the electrolyte's characteristics (see Supplementary Note online). The curves represent the six different concentrations, and the general impedance of each sample increased gradually as the ssDNA concentration decreased (from left to right). Higher impedance indicates that the solution has lower conductivity. For polyelectrolyte solutions, the conductivity is determined by the properties of the free charge carriers, and depend on variables such as the concentration, mobility and number of charges for each carrier 23 . Biological samples were prepared in DI water, and thus, increasing the ssDNA concentration introduced more charge carriers into the electrolyte solution. DNA molecules are negatively charged, and the charge is proportional to the number of base pairs 24 . The concentrations of the different samples were defined in units of mass (ng) over volume (ml). Higher concentrations represent more base pairs per unit volume, resulting in a greater charge density and a lower impedance.
We also analyzed BSA samples (bovine serum albumin, SIGMA-ALDRICH A7906) of different concentrations using the same measurement settings so as to validate the impedance-based method for determining the concentration of biomolecules. Six BSA solutions were prepared: 1 mg/ml, 2 mg/ml, 5 mg/ml, 10 mg/ml, 20 mg/ml and 60 mg/ml. Figure 2b presents the impedance results, which show the same tendency as those of the DNA samples. Solutions with low concentrations had high impedance.
We graphed the impedance data for both the ssDNA and BSA samples for 50 kHz excitation on one plot (Fig. 1c ). The impedance values of both samples were continuous, and a linear relationship between impedance and concentration was observed in the log-log plot.
Digested DNA tests. After the concentration test, we used the biochip system to perform impedance measurements for a series of digested ssDNA samples. An enzymatic reaction was designed to digest double-and single-stranded DNA into oligo and mononucleotides using DNase I. Under the conditions used, the ssDNA would be completely digested in 15 minutes at room temperature according to the manufacturer's datasheet 25, 26 . The experimental methodology is illustrated in figure 3a . We used ssDNA from herring sperm (240 ng/ml) with a known length range of 587 bp to 831 bp as the analyte. An aliquot of the stock solution (100 ml) was added to each of eight identical tubes containing DNase I and reaction buffer. The reaction time for each tube was precisely controlled by a stopwatch. We stopped the reactions after eight different time intervals -1 min, 2 min, 4 min, 6 min, 8 min, 14 min, 15 min and 20 min -by adding stop solution and heat inactivating the DNase I. We then performed biochip impedance tests with the samples (Fig. 3b ). In general, the impedance of each sample was correlated with the reaction time. Sample number 1, which only underwent a 1-min reaction, had the highest impedance. The impedance gradually decreased as the reaction time increased. For longer reactions, DNase I had more time to cut the DNA molecules, thus resulting in more free charge carriers in the electrolyte. Furthermore, because a smaller molecular size contributes to higher mobility, the solution's conductivity was also boosted by the decrease in the average DNA fragment length with increasing digestion time. The impedances of sample 7 and sample 8 converged, indicating that the reaction had reached completion. The sample impedance was constant after 15 minutes.
PCR product tests.
In the DNA digestion test, a longer reaction time resulted in shorter DNA fragments on average, and these results therefore suggest that our impedance biochip is able to distinguish DNA fragments of different lengths. A DNA fragment experiment was designed using conventional PCR to produce various DNA fragments of known lengths.
For the PCR, we used the standard plasmid cloning vector pUC19 as the template. We amplified different lengths of double-stranded DNA from the template for use in the biochip measurements. Primers were designed to amplify six different fragment lengths: 148 bp, 309 bp, 964 bp, 1389 bp and 2129 bp ( Fig. 4a ). Every sample contained the same reaction mixture to help ensure a constant background in the subsequent impedance measurements. The details of the PCR are described in the methods section. The impedance values for samples with different lengths were separated into distinct curves (Figure 4c ). Sample 1 was the shortest fragment at 148 bp and had the lowest impedance. In general, the impedance values for the samples increased gradually as the size of the fragment increased. The impedance results for the PCR products followed a tendency similar to that of the DNase I reaction products. These results indicate that the biochip is able to detect differences in the lengths of DNA fragment by measuring the impedance differences. For the PCR products, we also plotted the sample's impedance versus the stimulus frequency (figure 4d) as an alternative way of presenting the impedance data. The impedance for all six samples decreased as the frequency increased. An even more clear relationship was observed when we looked at a specific stimulus frequency. Figure 4e illustrates the linear relationship between the length of the DNA fragments and the measured impedance at 10 kHz.
Discussion
We present an integrated biosensor that is capable of preforming dielectric spectroscopy with biological samples. By detecting the impedance, this novel system is capable of characterizing DNA samples based on their concentration and fragment length. All the labelfree experiments were performed using suspended biomolecule solutions without any surface immobilization to probes or biofunctionalization. No further post-fabrication processes are required before taking biological measurements with the integrated CMOS chip. Therefore, the sensor chip system is entirely reusable, which enhances uniformity and reduces the cost of each measurement.
Biological samples can be very precious or scarce, and thus, minimizing waste is a key consideration in biosensor design. This microarray-based design integrates hundreds of micro electrodes and driving circuits into a 5 3 5 mm area. Each measurement requires only 20 ml of sample, as this volume is sufficient to cover the electrodes. Two of the major advantages of this method allow the reuse of the analyte. First, the integrated chip utilizes a non-invasive electrochemical method, dielectric spectroscopy, to analyze the samples. The typical AC stimulus of 500 mVpp is negligible compared with that of gel electrophoresis, which typically requires a supply voltage of more than 100 V DC. Second, the biochip detects the electrical properties of the biological molecules without the need for chemical reactions. The analyzed biological samples are unchanged and can be reused for further analysis.
We investigated the impedances of ssDNA samples with different concentrations using the integrated biosensing system. Current applications of DNA concentration detection systems include the quantification of samples, such as libraries, prior to next-generation sequencing and quantitative PCR. Identical measurements were performed using BSA samples for comparison. Both sets of results show that the solution impedance is related to the biomolecule concentration. Concentrated solutions had lower impedance, indicating higher conductivity. This behaviour can be explained by the role of counter-ions that are attracted by the DNA backbone charges, which are in turn proportional to the concentration. More mobile counterions in the vicinity of the DNA results in higher solution conductivity 27 . On a log-log scale, the solution impedance showed a linear relationship with the sample concentration. This feature makes it possible to use the biochip to determine the concentrations of different samples. In general, the DNA data were clearer and more convincing than the data for the BSA samples. This difference in data quality is most likely due to the molecular structures of the samples. We used short fragments of single-stranded DNA with a length of several hundred base pairs 28 . Although ssDNA may have some secondary structure due to interactions between its own bases and interactions with other fragments, BSA, as a protein, is expected to have a considerably more complicated structure 29, 30 .
Optical sensors, such as spectrophotometers, which measure the reflection or transmission properties of an analyte as a function of wavelength 31 , currently dominate the DNA (and other biomolecule) detection sensor market. Most systems employ photometers to convert light signals into electrical signals for further analysis. The complex structure of the optical-electrical system results in reduced accuracy and higher costs. In this work, we report an alternative method for the quantitative analysis of biological samples. Our method significantly reduces the cost by utilizing an integrated sensor. We performed impedance spectroscopy, which measures a sample's ability to conduct electricity as a function of frequency. Furthermore, our system is purely electrical, which reduces the system's complexity and minimizes external interference.
In addition to the DNA concentration, other parameters can be measured using this impedance-based integrated biochip system. We performed a series of impedance measurements for digested ssDNA samples. DNase I was used in this experiment. This enzyme is suitable for eliminating DNA from RNA preparations prior to sensitive applications, such as RT-PCR. The DNase was able to completely digest the ssDNA into oligo-and mononucleotides in a 15-minute reaction at room temperature. We divided the samples into eight groups, and the reaction time was precisely controlled. Our results showed that the reaction progress was related to the sample's impedance. The constant solution impedance after 15 minutes indicated that the digestion reaction had reached completion. During the DNA digestion, DNase I randomly cut the DNA strands into smaller pieces. Longer reaction times were expected to result in a shorter average DNA length. The shorter fragments act as charge carriers with higher mobility and thus provide higher solution conductivity. The solution impedance decreased as the digestion reaction progressed until the digestion reached completion at 15 minutes. This experiment demonstrated that the integrated biochip is capable of monitoring the progress of DNA digestion by measuring the impedance.
The DNA digestion experiment also suggested that the length of the DNA fragments is strongly correlated with the solution's conductivity. To validate this relationship, we designed an experiment that used PCR to generate various DNA fragments of known length. We amplified dsDNA, whereas the digestion test used ssDNA. Double-stranded DNA generally has less secondary structure than single-stranded DNA. In addition, the PCR products for each fragment size all had the same DNA sequence, whereas the herring ssDNA would contain a very heterogeneous mixture of DNA sequences. All of these factors minimize the interference in the impedance measurements. As expected, longer fragments were less conductive than shorter fragments. These results indicate that this system is capable of overcoming interference from other molecules in the solution, thus allowing the rapid yet precise quantitative analysis of unpurified PCR products.
The fragment length is one of the most important features of DNA for a wide range of genetic analyses 32, 33 . The correlation between impedance and DNA fragment length observed in this study raises the possibility of using this purely electrical system to validate and characterize PCR products. Gel electrophoresis has dominated this area for more than 40 years. The conventional technique involves imaging the DNA using UV light after the intercalation of ethidium bromide, a highly carcinogenic compound that can also potentially damage the DNA's structure and induce mutations 34 . Our impedance system is capable of replacing this time-consuming and potentially dangerous technique. The rapid characterization of restriction fragment profiles could potentially be applied to genome assembly, in a manner similar to that of optical mapping 35 . We present a method for the label-free analysis of suspended samples, and we demonstrated that this method can detect differences in the impedance of different PCR products within a few minutes. The samples can even be reused without any further treatment.
The measurement resolution of the DNA parameters (for example, concentration and fragment length) is ultimately limited by system noise. A discussion of noise sources and approaches to enhance measurement resolution is given in Supplementary Note online.
In the work presented herein, a powerful method for DNA characterization was assessed. This method uses an integrated biochip to measure the impedance of different samples. This purely electrical system has demonstrated potential for use in DNA concentration measurements, the analysis of DNA digestion reactions and PCR product validation. All the measurements are performed using suspended samples without any functionalization of the sensor surface. However, to achieve high-accuracy measurements, further systematic calibration is needed. This work opens up the possibility of developing a low-cost, rapid platform for the characterization of DNA and other biological molecules.
Methods
Testing system setup. The micro-array chip was designed using the Cadence Analogue IC design package, and the prototype was fabricated using low-cost 0.35 mm CMOS technology by TSMC (Taiwan). The details of the circuit design and functionalities are explained in the Supplementary information. The chip was mounted on PCB and connected to external instruments. A Keithley 4200 system was used to apply biases of 3.3 V DC and 2 V DC and 2 3 50 mA current sources to prevent the circuit from overloading and for signal amplification, respectively. A preprogrammed FPGA (Altera, APEX 20 K) drove the circuit to activate the address of each column of the array. A function generator (Agilent, 33250A 80 MHz) generated 500 mVpp AC signals for the measurements with variable frequency (typically from 10 kHz to 100 kHz). The signals were recorded using an oscilloscope (Agilent, Infiniium 54833A), and impedance data extraction was performed using Matlab (MathWorks). A schematic diagram of the system is shown in Supplementary Figure  3 online.
Preparation of DNA samples with different concentrations. Herring sperm DNA was ordered from SIGMA-ALDRICH (D7290). The single-stranded DNA fragments ranged in size from 587 to 831 base pairs. This DNA was provided as a ready-to-use concentrated solution (9-12 mg/ml DNA). According to the supplier's instructions, we boiled the solution for 10 minutes and then cooled it on ice for another 10 minutes to reduce the likelihood of reannealing of the fragments. We first diluted 10 ml of the concentrated DNA sample with 90 ml of DI water to prepare the stock solution. The concentration of the stock solution was determined to be 1.2 mg/ml (1200 ng/ml) using a Nanodrop TM 2000. We diluted the stock solution with DI water to give different concentrations: 20 ml of stock solution and 20 ml of DI water for a concentration of 600 ng/ml; 10 ml of stock solution and 40 ml of DI water for a concentration of 240 ng/ ml; 10 ml of stock solution and 90 ml of DI water for a concentration of 120 ng/ml; 10 ml of stock solution and 190 ml of DI water for a concentration of 60 ng/ml; 5 ml of stock solution and 195 ml of DI water for a concentration of 30 ng/ml; and 2 ml of stock solution and 198 ml of DI water for a concentration of 12 ng/ml. The concentrations of all diluted samples were validated using the Nanodrop, and the measured values were the same as the expected values. All of the sample preparation steps were performed at room temperature.
Preparation of BSA samples with different concentrations. BSA was purchased from SIGMA-ALDRICH (MFCD00130384) and was obtained as a white powder. First, 60 grams of BSA powder was dissolved in 1 liter of DI water to prepare a stock solution with a concentration of 60 mg/ml. We diluted the stock solution with DI water to give different concentrations: 20 ml of stock solution and 40 ml of DI water for a concentration of 20 mg/ml; 10 ml of stock solution and 50 ml of DI water for a concentration of 10 mg/ml; 5 ml of stock solution and 55 ml of DI water for a concentration of 5 mg/ml; 2 ml of stock solution and 58 ml of DI water for a concentration of 2 mg/ml; and 2 ml of stock solution and 118 ml of DI water for a concentration of 1 mg/ml. Preparation DNA digestion time course samples. We prepared eight identical solutions containing 2 ml of DNA (240 ng/ml), 10 ml of reaction buffer, 2 ml of DNase I and 86 ml of DI water. The DNA was digested with DNase I at room temperature, and the time was recorded with a timer. After the desired reaction time, we stopped the reaction by adding a stop solution and then heated the sample to 70uC for 10 minutes. We used the same herring sperm ssDNA as that used in the DNA concentration experiment (SIGMA-ALDRICH, D7290). The reaction buffer (Catalog Number: R6273), stop solution (S4809) and DNase I (D5307) were ordered as a reaction package from SIGMA-ALDRICH (AMPD1-1KT).
PCR to produce DNA fragments of different lengths. We used pUC19 as the PCR template and designed primers to amplify double-stranded DNA fragments of different lengths. For the 148 bp fragment, the forward primer was 59-TATCCGCTCACAATTCCACA-39 and the reverse primer was 59-ATTAATGCAGCTGGCACGA-39. For the 309 bp fragment, the forward primer was 59-CGCAGGAAAGAACATGTGAG-39 and the reverse primer was 59-CGAACGACCTACACCGAACT-39. For the 501 bp fragment, the forward primer was 59-GCTTAACTATGCGGCATCAGA-39 and the reverse primer was 59-ATTAATGCAGCTGGCACGA-39. For the 964 bp fragment, the forward primer was 59-GCTTAACTATGCGGCATCAGA-39 and the reverse primer was 59-CGAACGACCTACACCGAACT-39. For the 1389 bp fragment, the forward primer was 59-GCTTAACTATGCGGCATCAGA-39 and the reverse primer was 59-TGACCAAAATCCCTTAACGTG-39. For the 2129 bp fragment, the forward primer was 59-GCTTAACTATGCGGCATCAGA-39 and the reverse primer was 59-GCTATGTGGCGCGGTATTAT-39. All the primers were ordered from Eurofins UK.
For each 50 ml reaction, we added 34.5 ml of DI water, 5 ml of buffer, 2 ml of dNTP mix (5 mM), 2 ml of MgCl2 solution (2 mM), 0.5 ml of DNA polymerase, 2.5 ml of forward primer, 2.5 ml of reverse primer and 1 ml of plasmid. The pUC19 plasmid, BIOTAQ TM polymerase, reaction buffer, MgCl2 solution and dNTPs were all from Bioline. The PCRs were performed using a GS1 G-Storm thermocycler.
